Introduction
Economists are fiercely debating whether China has reached the Lewis turning point where the marginal product of labour matches the paid wage. For example, Ba (2011) argued that China has already passed the Lewis turning point while Cai (2007) claimed that the rural surplus labourers below 40 amounted to 58 million or 11.7 percent at most. Yet, an important qualification for such argument is the existence of redundant labour in China's countryside. In fact, rural labour force has been decreasing from around 490 million in the mid-1990s to less than 470 million in the end of 2000s. Of these, 259 million were working in agriculture in 2009, 13 percent less than the figure in 1980 (Table 1) .
This study attempts to quantify the extent of surplus agricultural labour in rural China, if any, by the stochastic frontier analysis (SFA). We employ the prefecture level data to estimate the surplus labour. In the existing studies using the provincial data, rural households in different prefectures are pooled into one single decision making unit (DMU). Using prefecture level data allows us to treat the household behaviour homogenous in the countryside of a prefecture but heterogeneous across prefectures. Each prefecture-level city acts as a competitive DMU in our study.
The remaining parts of this article are organized as follows. Section 2 presents a brief review of the literature of surplus labour measurement in rural China. Section 3 outlines the analytical framework of stochastic frontier measurement of surplus labour. Section 4 shows the methodology and empirical specification. Section 5 describes the dataset. Section 6 presents the estimated labour-use frontier and the estimated surplus labour. Section 7 examines the relationship between surplus labour and the dual economic framework of China. Section 8 concludes the paper. 
Brief Literature Review
A considerable amount of research has been devoted to the measurement of surplus labour in China. Minami & Ma (2010) derived the equilibrium labour force by assuming that the marginal product of labour is equal to the subsistence wage in agriculture, and calculated the surplus labour. Accordingly, their estimated surplus was around 290 million for the period of 2001 -2005 . Unfortunately, total rural labour force was used to derive the surplus, and therefore such a huge figure is hardly convincing. Knight et al (2011) probably represents the latest contribution and they employed household survey data to derive the inefficient labour in rural China.
One of the significant advances in the field is the technical efficiency specification. Bhattacharyya & Parker (1999) and Guo (2007) applied this approach and found the agricultural surplus labour was around 100 ~ 130 million in the 1990s and the early 2000s. Kwan (2009) specified a stochastic cost frontier framework which was originally proposed by Battese & Coelli (1995) . With provincial dummy variables in the inefficiency term which is similar to the fixed effect model developed by Greene (2004 Greene ( , 2005 , Kwan (2009) 
Analytical Framework
Labour is considered as one of the factor inputs in producing different outputs. The conventional production function implicitly imposes a neoclassical assumption of all DMUs operating at technical efficient level. Experiences of many developing economies show that agricultural production is possibly working below full capacity.
To allow for potential inefficiency, which is unobservable and might be either varying or invariant over time but could be estimated empirically, a composite error term is included into the production function to capture technical inefficiency.
Intuitively, deviations from a production frontier may be regarded as the under-produced output due to inefficient factor-input utilization. This outputoriented measure of technical efficiency could be alternatively translated in an inputoriented measure by asking how much input quantities could be reduced without changing the output quantities. Particularly under the production technology facing constant returns to scale, 1 both input-oriented and output-oriented frontier analyses are expected to yield the same results.
This paper adopts an input-oriented measurement of technical efficiency by specifying a stochastic cost frontier. To estimate a typical cost function, both input prices and input quantities are needed. In the absence of input price data which is popular in developing economies, we consider our labour input-requirement function with only outputs and quasi-fixed inputs, as argued by Battese et al. (2000, pp. 624, 626 & 629) . The general form of labour-use function is:
where the s are output variables determining the labour requirement or the minimum labour for producing output, at a given level of technology .
The labour-use model has its origin of applying production frontiers (the inefficiency effect is subtracted from production) initially proposed by Diewert (1974) and Aigner et al. (1977) , and extended by Kumbhakar & Hjalmarsson (1995) . Our paper is largely based on the modification of the stochastic frontier model developed by Battese & Coelli (1995) with the following Cobb-Douglas specification:
where (.) is a labour requirement function, s are the outputs produced, s are the non-labour inputs which are treated as quasi-fixed, is the two sided error term and is the non-negative random term in association with the technical inefficiency.
Labour requirement is, then, determined by five factors, namely, (1) outputs ; (2) 1 These two measures can also be applied to either increasing-or decreasing-return-to-scale technology with further expression. See Coelli et al. (2005) , pp 52-57.
any non-labour factor inputs at a given output level; (3) pre-conditioned production technology; (4) level of technical inefficiency and (5) a random term to capture factors such as weather and other uncontrollable elements.
If labour is fully efficient during production, i.e., the technical inefficiency u is zero, then the labour requirement function * is written as * = ( , )
where * denotes the optimal labour for production. The inefficient labour or surplus labour, , is defined as the difference between observed labour input and optimal labour input:
Therefore, the ratio of surplus labour is
Finally the amount of surplus labour is calculated as
Empirical Model
The agricultural labour requirement function of equation (2) in panel data form is specified as
where is the farming output, is the non-farming agricultural output, is land, is the power of machineries, is the chemical fertilizer and is the time trend which is used to capture the effect of technological progress on labour requirement.
The subscript denotes the prefecture-level cross section and subscript denotes the year.
We model the by introducing a time-varying function to capture the inefficiency of labour use:
where represents a group of prefecture-specific environmental variables that could vary over time to affect inefficiency. Specifically,
where the Ind variable measures the level of industrialization (ratio of industrial output to the total output or GDP), the Urb variable measures the level of urbanization (ratio of the urban population to the total population), ln M / ln N measures the level of mechanization (machinery power per unit of land), and Y a / Y measures relative weight of farming (the ratio of farming output over the total agricultural output). The D i s intend to capture possible regional or provincial heterogeneities.
The signs of 1, 2, 3 , 4 , 5, and 6 could be greater or smaller than zero, depending on a number of behaviour assumptions between the labour inefficiency and those exogenous variables. For instance, a higher level of industrialization implies that more industrial output is produced; indirectly workers for industrial production are expected to increase. It is hence possible for firms to employ more workers to cope with the production scale. Since some workers are expected to be migrants from the countryside permanently or temporarily, the amount of surplus labour is thus expected to become smaller.
A greater share of urban population could be originated from larger rural to urban labour migration, either permanently or temporarily, rather than the natural population growth in cities. Once migrants moved to the cities, demand for food is expected to increase. Therefore more agricultural labour may be required to meet the increase of food demand. In addition, labour migration also means a reduction in rural labour. Therefore, one will foresee a lower level of surplus agricultural labour.
The pace of mechanization is expected to be positively related to the labour inefficiency due to the substitution effect between labour and machines. That is, more machines per unit of land means relatively less labour required for farming and therefore more redundant labour in the countryside.
Furthermore, more farming output relative to total agricultural output should require more agricultural labour and therefore imply low inefficiency or a small pool of surplus labour, on the one hand. One the other hand, a higher farming output share could indicate a lower level of economic development and thus relatively lower labour productivity. The latter implies potentially more surplus labour.
For the purpose of empirical estimation, the following standard distributional assumptions on the components of the error term are made:
Equation (10) means that the two sided normal error term is independently and identically distributed and follows normal distribution with mean zero and variance 2 . Equation (11) means that the level of technical inefficiency is independently and identically distributed and follows normal distribution truncated above zero with mean and variance 2 . and are defined in equations (8) and (9). With the above three specifications regarding the error terms, the labour requirement function can be estimated by the maximum likelihood method using Frontier 4.1. county-level units in China.
3 Table 2 shows the details.
2 The "cost function" of Frontier 4.1 which has the non-negative inefficiency effect option. Frontier 4.1 is a software developed by Coelli (1996) . 3 Hong Kong, Macao and Taiwan are not included for statistical reasons. During the 1990s, cities at various levels applied for upgrade to prefecture-level city (撤县建市), and largely intended to speed up urbanization. Such practice was stopped by the central government in the 2000s. Accordingly data for some prefectures changed dramatically from one year to another due to this interruption.
If the totals of the provincial data are smooth over years during this period, we make no changes in the data during the early 2000s.
All outliers of the variables are removed by comparing the growth rates of the variables over time. For the missing values between two years, the average values will be filled in. For missing values with more than two years, the average growth rates will be used to derive the missing observations if the first and the last values are in the similar trends. In some cases, data are not available for irrigated land at prefecture level, approximation from the provincial data is adopted. Similarly, actual urbanization ratios are used if data of either urban or rural population are not available or reliable.
Variables
Labour is the end-of-the-year number of workers participating in agriculture in which the farming, forestry, fishing, and animal husbandry are included. Output is measured by the gross value of farming, non-farming and industrial output which is deflated by CPI (1996 is the base year). Capital includes power generated by machineries measured by 10,000 kilowatts, while chemical fertilizers at net contents are considered as an intermediate input.
Three types of land are used in our analysis, namely, arable land, sown land, and irrigated land. While arable land is used to adjust heterogeneity of farmland in different prefectures, sown land of crops is directly used to produce farming output.
Irrigated land is considered to be 25 percent more productive than land without irrigation (Tang, 1984 , Wen 1993 , that is
The level of urbanization is measured by the share of urban population to the total population, while the degree of industrialization is measured by the ratio of industrial output to total output at the prefecture level. Table 3 shows the summary statistics of the major variables. The second column shows the units of measurement. The third and fourth columns show the mean and standard deviation. Both the farming output and non-farming agricultural output are deflated by provincial CPI deflator (with 1996 as the base year). 
Empirical Results

Labour-Use Model Estimates
The labour requirement function of equation (7) was estimated using the maximumlikelihood method incorporated in the software Frontier 4.1. Both regional and provincial dummies were tried in order to capture the effect of geographical heterogeneity on agricultural labour requirement in rural China. 4 The time trend and its quadratic term were included to gauge the effect of technological changes on labour use over time. Three models were estimated, namely, model 1 without an inefficiency specification, model 2 with provincial dummy variables in the labour use function only, and model 3 with provincial dummy variables in both the labour use function and the technical inefficiency specification (Table 4) . 4 The models with regional dummy variables were excluded finally as they are not significant. All estimated coefficients of outputs and inputs are statistically significant with the expected sign in three models. A relatively large value of its coefficient together with a high student-t value, the farming land variable is considered to be the most important in the three models. This is consistent with observations in most underdeveloped economies.
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To examine the effect of technological progress on the observed labour for agricultural production, the following partial derivative is calculated:
The estimated mean value is -2.758 for model 3, which means that technological change on average has a negative impact on labour requirement in Chinese agriculture (that is a reducing effect). It is shown that the effect was negative for all the years but 1995, 1996 and 1997.
Regarding the inefficiency estimates, the coefficients of the industrialization and urbanization variables are statistically significant at 5 percent level with the expected sign in models 2 and 3 while those of the mechanization and farming output ratio variables are statistically significant but with the unexpected sign. Overall, in order to find out the most suitable model, we check the LR test of the one-side error among the three models (Table 5 ). The test follows the mixed 2 distribution proposed by Kodde and Palm (1986) : The first test compares model 2 with model 1. The null hypothesis is that the estimated coefficients of all environmental variables are simultaneously equal to zero, and thus the inefficiency specification is invalid (i.e., OLS is preferred). The test statistic shows that the null hypothesis is rejected at 5 percent significance level. The second test compares model 3 with model 1. The null hypothesis is that the estimated coefficients of all environmental variables and provincial dummy variables in the technical inefficiency function are all equal to zero. This hypothesis is again rejected at a high level of significance. The third test compares model 3 with model 2. The null hypothesis is that the estimated coefficients of the provincial dummy variables in the inefficiency specification are all equal to zero. The hypothesis is also rejected.
The results imply that the provincial dummy variables are significantly important to explain the regional heterogeneity of labour inefficiency in model 3. Model 3 is thus accepted as the preferred model.
Measured Surplus Labour in Chinese Agriculture
The estimated technical inefficiency scores at prefecture level are first averaged into provincial inefficiency level. The amount of surplus labour at provincial level is then calculated using equation (6) First, our estimates are based on prefecture-level data which are considered to be more reliable and consistent with SFA requirements than using provincial or national data in other studies. Accordingly, our results might be more precise than the previous estimates.
Second, a comparison of the results of Kwan (2009), Bhattacharyya & Parker (1999) and Guo (2007) with ours shows that the estimated surplus labour figures are very close to each other until 2000, indicating that the method used in this paper is trustworthy and comparable with other studies. Fourth, our estimated inefficiency levels are relatively lower than the other estimates, especially after 2002. We believe that the agricultural labour efficiency has improved generally during this period. In general, China had more agricultural surplus labour in the 1980s and 1990s. Our data cover the period from the mid-1990s
to the end of 2000s, which is much later than (but probably shorter than) those covered by some other studies. Accordingly, the frontier estimates of inefficiency are affected more by the later years in our study. We suspect that if prefecture level data in the 1980s and early 1990s could be found, our overall estimated size of surplus labour may be slightly larger.
Fifth, the decrease of surplus labour is likely influenced by the increase of minimum wage in recent years, which might attract more redundant agricultural labour to be employed in urban China. The minimum wage regulations were introduced in 1993, 5 following the principle under the "minimum wage treaty" of the International Labour Organization (ILO) (Wang & Gunderson, 2010 ). Yet, the minimum wages were substantially adjusted upwards under the new regulations in
2004. 6 Table 9 shows the regional trends of the minimum wages from 2000 to 2010.
It is found that the national average of nominal minimum wages had increased from around RMB300 to more than RMB800 during this period. The pace of growth was slightly higher in the second half than that in the first half of the 2000s. However, the minimum wage increases in the central and the west regions were higher in the second period, implying that more workers might be absorbed by the nonagricultural production through the protection of minimum wage policy. 
Surplus Agricultural Labour and China's Dual Economy
The study of surplus labour in rural China has partly its origin of the debate whether China has already passed the turning point of the dualistic economic framework which was originally proposed by Lewis (1954) . The policy implication of such turning point lies on the fundamental change of the nature and mechanism of the labour market of China: firms will expect to compete for labour in both of the countryside and cities. In the long run, labour is potentially reducing its role as a driving factor input in determining output growth in China. In the case of China, there are various practical concerns of applying the above two approaches to study the turning point issue. For the first approach of comparing income and marginal productivity, peasant income sources may not be appropriately reported and thus the gap between these two variables could be mistakenly calculated even though a proper production function is specified and estimated to figure out the marginal product of labour in the traditional sector. For the second approach of deriving surplus labour, the estimated surplus size may be varying if different methods are adopted.
This paper examines the turning point issue with the second approach. There are several theoretical and empirical concerns of this approach applying to China.
Theoretically, economists still question the existence of zero marginal product of labour. Amongst, Ge & Yang (2011) distinguishes the in agriculture between the classical and neoclassical treatments. In respond to many disagreements, Lewis himself explained this through an example of market stalls, arguing that "they are crowded with people who are not as fully occupied as they would wish to be, and therefore if a certain percentage of them were removed, the amount traded would be the same, since those remained would do more trade" (Lewis, 1972) . In fact, "whether marginal productivity is zero or negligible is not at the core of fundamental importance to our analysis. It was probably a mistake to mention marginal productivity at all, since this has merely led to an irrelevant and intemperate controversy" (Lewis, 1954) .
It is our opinion that the assumption of surplus labour with negligible marginal labour productivity due to huge population facing limited supply of land for production in developing economies is basically for analytical simplicity: suggesting that the pool of these labourers could be transferred to non-agricultural production without reducing agricultural output. Due to the existence of this group of surplus labourers, producers in the modern sectors face the "unlimited supply of labour" for their production.
Empirically, there are no precise methods of deriving the size of surplus labour.
Kwan (2009) summarized major economic and non-economic techniques and found that the estimated figures could be very different. We adopt the production efficiency approach to estimate the required labour and subtracted it from the reported agricultural labour to obtain the surplus labour. There are a number of reasons. First of all, the estimated frontier could be treated as the best hypothetical labour required for producing output with a given level of technology, and this condition satisfies the requirement of the Lewis turning point where wages equal to the marginal product of labour. Second, the difference between the observed labour utilized for production and the estimated labour requirement is regarded as the amount of surplus labour, which is expected to follow the path of labour utilization with between zero and = under the original Lewis model. In other words, the quantity of surplus labour in our approach in theory could include all those with marginal productivity below = .
Finally, the reliability of agricultural labour data is a major constraint of our analysis. According to the National Bureau of Statistics, agricultural labour is defined as those who spend at least 50 percent of their time in agriculture. However, the figures provide no information about whether the individual labourers include those with local hukou or not, and how much time they spend for various rural activities. In addition, measurement biases due to peasants' choice between work and leisure might further affect the number of effective agricultural labour. More importantly, agricultural labour figures from the recent two agricultural censuses are very different from those official data (Wang, 2010) . Consequently, we are not sure if the official data under-report or over-report the individuals who engaged in agriculture since peasants have more employment opportunities after economic reform.
Conclusions
This article attempts to quantify the surplus agricultural labour in China's countryside at prefecture level between 1996 and 2009 when China was experiencing both economic reform and greater integration with the global economy. An input / labour requirement function in Cobb-Douglas form with stochastic frontier framework was estimated to derive the required labour use in agriculture. The amount of surplus agricultural labour is calculated by deducting the required labour from the observed labour. Our estimated surplus is comparable to Kwan (2009) and Bhattacharyya & Parker (1999) and Guo (2007) . Our findings are consistent with Knight et al (2011) structure. That is, the marginal productivity of surplus labour is increasing and probably higher than the average product of labour, but has not yet reached the market wage. In other words, China's labour market has not fully commercialized.
If our estimates match the current labour market development in rural China, there are several policy implications. First of all, China is still facing huge pressure of inefficient labour use in its countryside. However, the absolute size of surplus seems to decrease in the last few years. Second, the continuous decline of surplus agricultural labour lends support to the argument that China is approaching the Lewis turning point. However, real wages and marginal labour productivity should be examined before making such claim. Third, our results appear to be consistent with the current debate on the wage increase and the labour shortage in some sectors and regions. 
